Abstract: This paper presents a torque error compensation algorithm for a surface mounted permanent magnet synchronous machine (SPMSM) through real time permanent magnet (PM) flux linkage estimation at various temperature conditions from medium to rated speed. As known, the PM flux linkage in SPMSMs varies with the thermal conditions. Since a maximum torque per ampere look up table, a control method used for copper loss minimization, is developed based on estimated PM flux linkage, variation of PM flux linkage results in undesired torque development of SPMSM drives. In this paper, PM flux linkage is estimated through a stator flux linkage observer and the torque error is compensated in real time using the estimated PM flux linkage. In this paper, the proposed torque error compensation algorithm is verified in simulation and experiment.
Introduction
Permanent magnet synchronous machines (PMSMs) have been widely used in various applications is sectors such as the aerospace and automotive industry due to their high power density and efficiency [1] [2] [3] . PMSMs can be divided into two types depending on their rotor structure, which are surface mounted PMSMs (SPMSMs) and interior PMSMs (IPMSMs). Since the operation speed range of SPMSMs is narrower than that of IPMSMs due to their rotor structure characteristics, flux weakening control and operation are rarely typical for SPMSMs like for IPMSMs. For much of the research about flux weakening of SPMSMs, design approaches to extend the flux weakening region have been presented [4] [5] [6] [7] rather than control aspects. For that reasons, an IPMSM is typically preferred for those applications requiring a wider speed operation range such as automotive applications. Compared to IPMSMs, SPMSMs are simpler to control and manufacture, therefore, SPMSMs are preferred for servo motor and home appliance applications.
While PMSMs have advantages, as stated above, the parameters of PMSMs are dependent on external conditions such as temperature and operating conditions and this affects the torque response and efficiency of PMSM drives [8] . Among them, the influence of temperature causes problems directly related to torque production [9, 10] . For efficient operation of PMSMs, Maximum torque per ampere (MTPA) is one of the widely used control algorithms. An MTPA trajectory is normally developed as a look up table (LUT) and is developed using machine parameters, for example, d and q axis inductance and PM flux linkage. When torque command is given as an input to an MTPA LUT, d and q axis current vector command are selected as output signals from the MTPA LUT. When machine parameters are changed due to external conditions, an incorrect current vector command for command torque is selected from the MTPA LUT and this results in undesired torque development in PMSMs [11, 12] . Especially, the effect of PM flux linkage is dominant for torque development of PMSMs and the PM flux linkage decreases due to demagnetization as the magnet temperature increases. Many researchers have proposed solutions for torque error compensation with respect to temperature variation. Online parameter identification methods can be applied to maintain MTPA performance, but the methods are typically complicated to implement [13, 14] . In [15] , an algorithm using MTPA LUTs and a flux observer based on a voltage model was proposed, but the algorithm is expected to have a limited performance at low speed due to the voltage model-based flux observer used. Also, PM flux linkage can be simply estimated through back-emf estimation method. However, the back-emf method is affected by not only the dead time at low speed but also machine parameter variations. A perturbation searching method was presented and MTPA can then be achieved regardless of parameter variation [16] [17] [18] [19] , but the dynamic performance is degraded because the perturbation search takes time. High frequency signal injection methods are proposed in [19] [20] [21] . Though MTPA operation is achieved regardless of parameter variations applying high frequency signal injection methods, not only the injected current signal results in additional loss in an inverter and a motor but also it results in undesired influence on the motor operation. Recent research shows PM temperature estimation for PMSMs and variable flux PMSMs but torque error compensation for PMSMs was not addressed in the algorithms [22] [23] [24] .
In this paper, PM flux linkage is estimated via a Gopinath style stator flux linkage observer and the estimated PM flux linkage is used for torque error compensation for SPMSMs under various temperature conditions in real time. In the following sections, a characteristic of the stator flux linkage observer is described and analyzed. The proposed torque error compensation algorithm is presented to improve torque development accuracy under various temperature conditions. Since flux weakening control of a SPMSM drive is not as typical as an IPMSM drives, the test SPMSM drive is controlled up to rated speed in this paper. The proposed real time torque error compensation algorithm is verified through MATLAB/Simulink simulation and experimental results under various temperature conditions in this paper.
Gopinath Style Stator Flux Linkage Observer
A Gopinath style stator flux linkage observer has been presented for induction motor drives [25] [26] [27] and PMSM drives [28, 29] . The stator flux linkage observer for PMSM drives shown in Figure 1 is used for implementation of the torque error compensation algorithm. for command torque is selected from the MTPA LUT and this results in undesired torque development in PMSMs [11, 12] . Especially, the effect of PM flux linkage is dominant for torque development of PMSMs and the PM flux linkage decreases due to demagnetization as the magnet temperature increases. Many researchers have proposed solutions for torque error compensation with respect to temperature variation. Online parameter identification methods can be applied to maintain MTPA performance, but the methods are typically complicated to implement [13, 14] . In [15] , an algorithm using MTPA LUTs and a flux observer based on a voltage model was proposed, but the algorithm is expected to have a limited performance at low speed due to the voltage model-based flux observer used. Also, PM flux linkage can be simply estimated through back-emf estimation method. However, the back-emf method is affected by not only the dead time at low speed but also machine parameter variations. A perturbation searching method was presented and MTPA can then be achieved regardless of parameter variation [16] [17] [18] [19] , but the dynamic performance is degraded because the perturbation search takes time. High frequency signal injection methods are proposed in [19] [20] [21] . Though MTPA operation is achieved regardless of parameter variations applying high frequency signal injection methods, not only the injected current signal results in additional loss in an inverter and a motor but also it results in undesired influence on the motor operation. Recent research shows PM temperature estimation for PMSMs and variable flux PMSMs but torque error compensation for PMSMs was not addressed in the algorithms [22] [23] [24] . In this paper, PM flux linkage is estimated via a Gopinath style stator flux linkage observer and the estimated PM flux linkage is used for torque error compensation for SPMSMs under various temperature conditions in real time. In the following sections, a characteristic of the stator flux linkage observer is described and analyzed. The proposed torque error compensation algorithm is presented to improve torque development accuracy under various temperature conditions. Since flux weakening control of a SPMSM drive is not as typical as an IPMSM drives, the test SPMSM drive is controlled up to rated speed in this paper. The proposed real time torque error compensation algorithm is verified through MATLAB/Simulink simulation and experimental results under various temperature conditions in this paper.
A Gopinath style stator flux linkage observer has been presented for induction motor drives [25] [26] [27] and PMSM drives [28, 29] . The stator flux linkage observer for PMSM drives shown in Figure 1 is used for implementation of the torque error compensation algorithm. As shown in Figure 1 , stator flux linkage of a SPMSM is estimated based on a current model and a voltage model. In this paper, subscript q and d are q and d axis. Superscripts s and r are the stator and rotor reference frames of a PMSM, respectively. Also, * stands for command signal and ^ represents estimated value. For example, and are the estimated stator flux linkage in the rotor reference frame using a current model and a voltage model of a stator flux linkage observer, respectively. As shown in Figure 1 , stator flux linkage of a SPMSM is estimated based on a current model and a voltage model. In this paper, subscript q and d are q and d axis. Superscripts s and r are the stator and rotor reference frames of a PMSM, respectively. Also, * stands for command signal andˆrepresents estimated value. For example,λ At low speeds, voltage is not the proper signal to be used for stator flux linkage estimation because dead time and noise signals distort the voltage. As a result, flux estimation using the distorted voltage yields inaccurate stator flux linkage estimations. Therefore, stator flux linkage is estimated via a current model at low speeds as given by (1) and (2):
However, flux estimation using a current based model is an open loop estimation and sensitive to parameter variations as seen from Equations (1), (2) and Figure 1 . As speed increases, the effect of dead time and noise signal can be negligible due to high back-emf voltage of a SPMSM. Then, stator flux linkage can be estimated using a voltage model, which is developed based on Equation (3):
Estimation of stator flux linkage using a voltage model is preferred compared to a current model because it is independent from parameter variation as shown by Equation (3) . Voltage drop across a stator resistor is negligible at high speed operation. Determination of a crossover point between a current model and a voltage model is one of important issues in design of the stator flux linkage observer. The crossover point is determined by a bandwidth of a controller of the stator flux linkage observer located between a current model and a voltage. There is no certain answer for optimal crossover frequency of a stator flux linkage model. Considering applications and operating conditions, optimal crossover frequency of a stator flux linkage observer should be determined. A transfer function of Gopinath-style observer can be derived in continuous time domain as (4) in [24] . The K fo and the K fio are the proportional and integral controller gains of the Gopinath-style stator flux-linkage observer respectively in Figure 1 and L qd is the mutual inductance of q to d showing cross-saturation characteristic of PMSMs:
where:
In Equation (4), ω r and θ r are the speed and position of the rotor of PMSMs, respectively.
Proposed Torque Error Compensation Algorithm
As known, copper loss of a motor is proportional to the square of the current magnitude. Therefore, a use of minimum current magnitude for a specific torque development is applied for PMSM control for efficient operation. The torque equation of PMSMs is shown in Equation (5) . In case of SPMSM, L d ∼ = L q due to its rotor structure and Equation (5) can be simplified as Equation (6): In Equation (5), T em is the electric magnetic air-gap torque and λ pm is the permanent magnet flux linkage of a permanent magnet of a PMSM rotor and P stands for a number of poles of PMSMs. As shown in Equation (6) , only the q-axis current is used for torque development and the d-axis current of a SPMSM is controlled as zero for maximum torque production utilizing a minimum current magnitude. The torque production maximization method is defined as an MTPA. As shown in Equation (6) , estimated PM flux linkage is a critical variable for an MTPA LUT development. When the PM flux linkage varies due to magnet temperature variation, the variation of PM flux linkage is not reflected to the developed MTPA LUT and this results in undesired q-axis current command selection from the MTPA LUT and eventually in undesired torque development. Figure 2 shows the MTPA trajectory of SPMSM. In Equation (5), Tem is the electric magnetic air-gap torque and λpm is the permanent magnet flux linkage of a permanent magnet of a PMSM rotor and P stands for a number of poles of PMSMs. As shown in Equation (6) , only the q-axis current is used for torque development and the d-axis current of a SPMSM is controlled as zero for maximum torque production utilizing a minimum current magnitude. The torque production maximization method is defined as an MTPA. As shown in Equation (6) , estimated PM flux linkage is a critical variable for an MTPA LUT development. When the PM flux linkage varies due to magnet temperature variation, the variation of PM flux linkage is not reflected to the developed MTPA LUT and this results in undesired q-axis current command selection from the MTPA LUT and eventually in undesired torque development. Figure 2 shows the MTPA trajectory of SPMSM. In this paper, PM flux linkage is estimated in real time using an estimated stator flux linkage from the stator flux linkage observer in Figure 1 . The estimated stator flux linkage vector for a voltage model can be divided into the d and q axis. The d-axis stator flux linkage can be presented with respect to current and machine parameters as in Equation (7):
In this paper, the considered operation speed range is up to rated speed of a SPMSM because flux weakening operation of SPMSMs is not as usual as in IPMSMs. Below a rated speed, d-axis current is controlled as zero current for MTPA purpose in a SPMSM drive. Referring to Equation (7), the estimated PM flux linkage can be considered as the estimated d-axis stator flux linkage regardless d-axis inductance variation if d-axis current is controlled as zero current below a rated speed.
Therefore, a torque error correction coefficient Kcr can be calculated as in Equation (8) and it is applied for the output of an MTPA LUT. In Equation (8), λ pm_init is the initial PM flux linkage used for an MTPA LUT development and λ pm is the PM flux linkage estimated by a stator flux linkage observer:
Simulation Results
The proposed torque error compensation control system is implemented and verified through MATLAB/Simulink simulation. In simulation, a 100 µs time step is applied and Rosenbrock is used as a solver. Also, a frequency response of a stator flux linkage observer with respect to parameter variations is evaluated in the simulation. A block diagram for the proposed torque error In this paper, PM flux linkage is estimated in real time using an estimated stator flux linkage from the stator flux linkage observer in Figure 1 . The estimated stator flux linkage vector for a voltage model can be divided into the d and q axis. The d-axis stator flux linkage can be presented with respect to current and machine parameters as in Equation (7):
In this paper, the considered operation speed range is up to rated speed of a SPMSM because flux weakening operation of SPMSMs is not as usual as in IPMSMs. Below a rated speed, d-axis current is controlled as zero current for MTPA purpose in a SPMSM drive. Referring to Equation (7), the estimated PM flux linkage can be considered as the estimated d-axis stator flux linkage regardless d-axis inductance variation if d-axis current is controlled as zero current below a rated speed. Therefore, a torque error correction coefficient K cr can be calculated as in Equation (8) and it is applied for the output of an MTPA LUT. In Equation (8),λ pm_init is the initial PM flux linkage used for an MTPA LUT development andλ pm is the PM flux linkage estimated by a stator flux linkage observer:
The proposed torque error compensation control system is implemented and verified through MATLAB/Simulink simulation. In simulation, a 100 µs time step is applied and Rosenbrock is used as a solver. Also, a frequency response of a stator flux linkage observer with respect to parameter variations is evaluated in the simulation. A block diagram for the proposed torque error compensation control system for SPMSM drives is shown in Figure 3 . As seen in Figure 3 , the proposed torque error compensation algorithm and a stator flux linkage observer are integrated into a typical complex vector current control system. A q-axis current command, i r * q1 , is corrected using the estimated PM flux linkage from the stator flux linkage observer. The corrected q-axis current command, i r * q2 , is constrained by a limiter not to exceed the maximum current of a motor drive system. compensation control system for SPMSM drives is shown in Figure 3 . As seen in Figure 3 , the proposed torque error compensation algorithm and a stator flux linkage observer are integrated into a typical complex vector current control system. A q-axis current command, i r* q1 , is corrected using the estimated PM flux linkage from the stator flux linkage observer. The corrected q-axis current command, i r* q2 , is constrained by a limiter not to exceed the maximum current of a motor drive system. In Figure 4 , the bandwidth of the stator flux linkage observer controller, which is a crossover frequency between a current model and a voltage model is set to be 0. compensation control system for SPMSM drives is shown in Figure 3 . As seen in Figure 3 , the proposed torque error compensation algorithm and a stator flux linkage observer are integrated into a typical complex vector current control system. A q-axis current command, i r* q1 , is corrected using the estimated PM flux linkage from the stator flux linkage observer. The corrected q-axis current command, i r* q2 , is constrained by a limiter not to exceed the maximum current of a motor drive system. In Figure 4 , the bandwidth of the stator flux linkage observer controller, which is a crossover frequency between a current model and a voltage model is set to be 0. In Figure 4 , the bandwidth of the stator flux linkage observer controller, which is a crossover frequency between a current model and a voltage model is set to be 0. As shown in Figure 4 , it is verified that the accuracy of stator flux linkage estimation is affected by the parameter variation at low speeds while the accuracy of stator flux linkage estimation becomes robust to parameter variation beyond a crossover frequency of the stator flux linkage observer controller. Figure 4 shows that the estimated stator flux linkage at high speeds is an accurate value. Therefore, the estimated stator flux linkage can be used for development of the proposed torque error compensation algorithm.
Among the PMSM parameters in Figure 4 , PM flux linkage and stator resistance are affected by temperature variation. Since stator resistance variation is ignorable based on the results in Figure 4 , PM flux linkage variation to stator flux linkage estimation is considered in this paper. To verify the proposed algorithm, 20% of error is applied to a PM flux linkage in a simulation model intentionally. Operating speed is set to be 300 rad/s, which is higher than a bandwidth of a stator flux linkage observer controller to utilize an estimated stator flux linkage from a voltage model of the stator flux linkage observer. The simulation result for a step torque command is shown in Figure 5 .
Energies 2017, 10, 1365 6 of 15 estimation of the stator flux linkage becomes accurate when the SPMSM operates beyond the crossover frequency of the stator flux linkage observer. As shown in Figure 4 , it is verified that the accuracy of stator flux linkage estimation is affected by the parameter variation at low speeds while the accuracy of stator flux linkage estimation becomes robust to parameter variation beyond a crossover frequency of the stator flux linkage observer controller. Figure 4 shows that the estimated stator flux linkage at high speeds is an accurate value. Therefore, the estimated stator flux linkage can be used for development of the proposed torque error compensation algorithm.
Among the PMSM parameters in Figure 4 , PM flux linkage and stator resistance are affected by temperature variation. Since stator resistance variation is ignorable based on the results in Figure 4 , PM flux linkage variation to stator flux linkage estimation is considered in this paper. To verify the proposed algorithm, 20% of error is applied to a PM flux linkage in a simulation model intentionally. Operating speed is set to be 300 rad/s, which is higher than a bandwidth of a stator flux linkage observer controller to utilize an estimated stator flux linkage from a voltage model of the stator flux linkage observer. The simulation result for a step torque command is shown in Figure 5 . From the simulation result in Figure 5 , it is verified that torque error due to the PM flux linkage variation can be corrected when the proposed torque error compensation algorithm is applied. It should be noted that performance of the proposed algorithm is degraded when operating speed is below the stator flux linkage observer due to speed dependency of the stator flux linkage observer.
Experimental Results
The proposed torque error compensation algorithm is implemented and verified through experiment. First of all, characteristics of the permanent magnet (NP-8R 6kOe, Daido Electronics, Nakatsugawa, Japan) in the test SPMSM are analyzed through its datasheet and experiment. Figure  5 shows demagnetization characteristic of the PM of the test motor provided in the datasheet. As shown in Figure 6 , the PM in the test SPMSM is demagnetized as temperature increases and it results in decrease of the magnetic flux linkage. From the simulation result in Figure 5 , it is verified that torque error due to the PM flux linkage variation can be corrected when the proposed torque error compensation algorithm is applied. It should be noted that performance of the proposed algorithm is degraded when operating speed is below the stator flux linkage observer due to speed dependency of the stator flux linkage observer.
The proposed torque error compensation algorithm is implemented and verified through experiment. First of all, characteristics of the permanent magnet (NP-8R 6kOe, Daido Electronics, Nakatsugawa, Japan) in the test SPMSM are analyzed through its datasheet and experiment. Figure 5 shows demagnetization characteristic of the PM of the test motor provided in the datasheet. As shown in Figure 6 , the PM in the test SPMSM is demagnetized as temperature increases and it results in decrease of the magnetic flux linkage. To verify demagnetization characteristic of the permanent magnet flux linkage with respect to temperature variation experimentally, permanent magnet is intentionally heated with a heating gun. The permanent magnet temperature is changed from 25 to 100 °C and the temperature distribution of the test motor is measured by a TI 55 thermal imaging camera (FLUKE, Everett, WA, USA). Figure  7 shows the experimental measurement of the temperature change of the permanent magnet. Figure 8 shows an experimental test set up for a gauss meter used for measurement of the magnetic flux of the permanent magnet at each temperature. In room temperature, the initial permanent magnet flux linkage is measured to be 1273 G. By repeating the experiment in Figure 7 , it is observed that the permanent magnet is demagnetized even it is cooled down to 25 °C. The experiment is implemented after permanent magnet is fully demagnetized. During the experiment temperature is increased from 25 to 100 °C. The overall permanent magnet flux linkage of the test SPMSM with respect to temperature variation is shown in Figure 9 . The experimental results closely match the demagnetization ratio trajectory shown in Figure 6 . To verify demagnetization characteristic of the permanent magnet flux linkage with respect to temperature variation experimentally, permanent magnet is intentionally heated with a heating gun. The permanent magnet temperature is changed from 25 to 100 • C and the temperature distribution of the test motor is measured by a TI 55 thermal imaging camera (FLUKE, Everett, WA, USA). Figure 7 shows the experimental measurement of the temperature change of the permanent magnet. Figure 8 shows an experimental test set up for a gauss meter used for measurement of the magnetic flux of the permanent magnet at each temperature. In room temperature, the initial permanent magnet flux linkage is measured to be 1273 G. By repeating the experiment in Figure 7 , it is observed that the permanent magnet is demagnetized even it is cooled down to 25 • C. The experiment is implemented after permanent magnet is fully demagnetized. During the experiment temperature is increased from 25 to 100 • C. The overall permanent magnet flux linkage of the test SPMSM with respect to temperature variation is shown in Figure 9 . The experimental results closely match the demagnetization ratio trajectory shown in Figure 6 . To verify demagnetization characteristic of the permanent magnet flux linkage with respect to temperature variation experimentally, permanent magnet is intentionally heated with a heating gun. The permanent magnet temperature is changed from 25 to 100 °C and the temperature distribution of the test motor is measured by a TI 55 thermal imaging camera (FLUKE, Everett, WA, USA). Figure  7 shows the experimental measurement of the temperature change of the permanent magnet. Figure 8 shows an experimental test set up for a gauss meter used for measurement of the magnetic flux of the permanent magnet at each temperature. In room temperature, the initial permanent magnet flux linkage is measured to be 1273 G. By repeating the experiment in Figure 7 , it is observed that the permanent magnet is demagnetized even it is cooled down to 25 °C. The experiment is implemented after permanent magnet is fully demagnetized. During the experiment temperature is increased from 25 to 100 °C. The overall permanent magnet flux linkage of the test SPMSM with respect to temperature variation is shown in Figure 9 . The experimental results closely match the demagnetization ratio trajectory shown in Figure 6 . Electrical and mechanical parameters of the test SPMSM are summarized in Table 1 . Figure 10 shows the experimental test set up. The load motor is operated in a speed control mode and mechanically coupled to the SPMSM test machine. The proposed torque error compensation algorithm is implemented in the motor drive with 10 kHz of PWM sampling frequency. The rotor temperature is measured by inserting a non-contact thermometer inside the SPMSM using a Fluke multimeter. Electrical and mechanical parameters of the test SPMSM are summarized in Table 1 . Figure 10 shows the experimental test set up. The load motor is operated in a speed control mode and mechanically coupled to the SPMSM test machine. The proposed torque error compensation algorithm is implemented in the motor drive with 10 kHz of PWM sampling frequency. The rotor temperature is measured by inserting a non-contact thermometer inside the SPMSM using a Fluke multimeter. Electrical and mechanical parameters of the test SPMSM are summarized in Table 1 . Figure 10 shows the experimental test set up. The load motor is operated in a speed control mode and mechanically coupled to the SPMSM test machine. The proposed torque error compensation algorithm is implemented in the motor drive with 10 kHz of PWM sampling frequency. The rotor temperature is measured by inserting a non-contact thermometer inside the SPMSM using a Fluke multimeter. During the experiment, the transient and steady state torque responses of the SPMSM drive are tested at room temperature (25 °C) and 100 °C. Speed of the load motor is controlled to be 65 rad/s and 310 rad/s for low and high speed operations, respectively. The criteria of the low and high speed operating points is determined by the bandwidth of the stator flux linkage observer used in the proposed algorithm. From the characteristic of the stator flux linkage observer in Figure 4 , it can be expected that the steady state torque error occurs at low speed and the error would be compensated at high speeds.
First of all, the proposed torque error compensation method and the conventional method presented in [10] is implemented at low speed in experiment and the results are shown in Figure 11 . As stated in the Introduction section, stator flux linkage is estimated solely by a voltage model in [10] regardless of operating speed. Therefore, the estimated stator flux linkage at low speed is affected by the voltage distortion caused by dead time and noise. Figure 11 shows two operating temperature cases, which are at 25 °C and 100 °C at low speeds. Figure 11a shows that developed torque using the proposed method is less distorted compared to the conventional method because the stator flux linkage used for torque error compensation is estimated based on a current model, which is not affected by dead time and noise. Figure 11b shows the experimental result at 100 °C at low speeds using both methods. Torque response using the proposed method still shows improved torque response with less distortion comparing to the conventional method. However, steady state torque error caused by permanent magnet temperature variation is not compensated. The limitation of the proposed method should be noticed from Figure 11b . At high speed, the proposed torque compensation algorithm also estimates the stator flux linkage using a voltage model as the method in [12] . Therefore, the comparison with the algorithm in [12] is only implemented for low speed operation.
(a) Figure 10 . Experimental test set up During the experiment, the transient and steady state torque responses of the SPMSM drive are tested at room temperature (25 • C) and 100 • C. Speed of the load motor is controlled to be 65 rad/s and 310 rad/s for low and high speed operations, respectively. The criteria of the low and high speed operating points is determined by the bandwidth of the stator flux linkage observer used in the proposed algorithm. From the characteristic of the stator flux linkage observer in Figure 4 , it can be expected that the steady state torque error occurs at low speed and the error would be compensated at high speeds.
First of all, the proposed torque error compensation method and the conventional method presented in [10] is implemented at low speed in experiment and the results are shown in Figure 11 . As stated in the Introduction section, stator flux linkage is estimated solely by a voltage model in [10] regardless of operating speed. Therefore, the estimated stator flux linkage at low speed is affected by the voltage distortion caused by dead time and noise. Figure 11 shows two operating temperature cases, which are at 25 • C and 100 • C at low speeds. Figure 11a shows that developed torque using the proposed method is less distorted compared to the conventional method because the stator flux linkage used for torque error compensation is estimated based on a current model, which is not affected by dead time and noise. Figure 11b shows the experimental result at 100 • C at low speeds using both methods. Torque response using the proposed method still shows improved torque response with less distortion comparing to the conventional method. However, steady state torque error caused by permanent magnet temperature variation is not compensated. The limitation of the proposed method should be noticed from Figure 11b . At high speed, the proposed torque compensation algorithm also estimates the stator flux linkage using a voltage model as the method in [12] . Therefore, the comparison with the algorithm in [12] is only implemented for low speed operation. During the experiment, the transient and steady state torque responses of the SPMSM drive are tested at room temperature (25 °C) and 100 °C. Speed of the load motor is controlled to be 65 rad/s and 310 rad/s for low and high speed operations, respectively. The criteria of the low and high speed operating points is determined by the bandwidth of the stator flux linkage observer used in the proposed algorithm. From the characteristic of the stator flux linkage observer in Figure 4 , it can be expected that the steady state torque error occurs at low speed and the error would be compensated at high speeds.
(a) For the transient torque response test, a step torque command is applied to the test SPMSM drive. During the test, the torque is calculated using the estimated SPMSM parameters. First of all, two different levels of torque are applied to the test SPMSM while the speed of load motor is controlled to be 620 rad/s at 25 °C without applying the proposed algorithm. Figure 12 shows the experimental results of transient torque response at the given operating condition and it can be seen that the torque of the test SPMSM drive is controlled adequately. Figure 13a ,b show the steady state responses when torque commands of 50 mNm and 127 mNm are applied at a load speed of 620 rad/s. Torque is controlled accurately at the given operating conditions and it is also shown that the permanent magnet flux is accurately estimated regardless of load change. Figure 13 shows the output waveform from the motor performance tester. As shown in Figure 13a , 0.52 A of current is applied for 50 mNm of torque command and 1.8 A of current is applied for 127 mNm of torque command. From Figures  12-14 , it is seen that torque of SPMSM is accurately controlled without the proposed algorithm at the room temperature, 25 °C. For the transient torque response test, a step torque command is applied to the test SPMSM drive. During the test, the torque is calculated using the estimated SPMSM parameters. First of all, two different levels of torque are applied to the test SPMSM while the speed of load motor is controlled to be 620 rad/s at 25 • C without applying the proposed algorithm. Figure 12 shows the experimental results of transient torque response at the given operating condition and it can be seen that the torque of the test SPMSM drive is controlled adequately. Figure 13a ,b show the steady state responses when torque commands of 50 mNm and 127 mNm are applied at a load speed of 620 rad/s. Torque is controlled accurately at the given operating conditions and it is also shown that the permanent magnet flux is accurately estimated regardless of load change. Figure 13 shows the output waveform from the motor performance tester. As shown in Figure 13a , 0.52 A of current is applied for 50 mNm of torque command and 1.8 A of current is applied for 127 mNm of torque command. From Figures 12-14 , it is seen that torque of SPMSM is accurately controlled without the proposed algorithm at the room temperature, 25 • C. For the transient torque response test, a step torque command is applied to the test SPMSM drive. During the test, the torque is calculated using the estimated SPMSM parameters. First of all, two different levels of torque are applied to the test SPMSM while the speed of load motor is controlled to be 620 rad/s at 25 °C without applying the proposed algorithm. Figure 12 shows the experimental results of transient torque response at the given operating condition and it can be seen that the torque of the test SPMSM drive is controlled adequately. Figure 13a ,b show the steady state responses when torque commands of 50 mNm and 127 mNm are applied at a load speed of 620 rad/s. Torque is controlled accurately at the given operating conditions and it is also shown that the permanent magnet flux is accurately estimated regardless of load change. Figure 13 shows the output waveform from the motor performance tester. As shown in Figure 13a , 0.52 A of current is applied for 50 mNm of torque command and 1.8 A of current is applied for 127 mNm of torque command. From Figures  12-14 , it is seen that torque of SPMSM is accurately controlled without the proposed algorithm at the room temperature, 25 °C. Next, the test SPMSM is heated by a heat gun intentionally until the rotor temperature of the SPMSM reaches 100 °C. At high temperature, the permanent magnet is demagnetized and this results in permanent flux linkage reduction. Then, the developed torque is expected to be reduced when the same magnitude of current is applied. The test procedure is repeated as in the previous experiment and the experimental results at 100 °C are shown in Figures 15-17 . Figure 16 shows the steady state result when torque commands of 50 mNm and 127 mNm are applied at a speed load of 620 rad/s and the output torque is not reached at the commanded torque for both cases without applying the proposed algorithm. When the temperature of the permanent magnet is increased to 100 °C, the magnetic flux linkage is decreased due to demagnetization. Without compensating for the permanent flux linkage variation, the MTPA trajectory developed based on the information at room temperature results in undesired torque development. The results of the motor performance tester in Figure 17 show that the developed torque is smaller than the commanded torque while the current magnitude applied is same as the current magnitude applied at the room temperature. Next, the test SPMSM is heated by a heat gun intentionally until the rotor temperature of the SPMSM reaches 100 °C. At high temperature, the permanent magnet is demagnetized and this results in permanent flux linkage reduction. Then, the developed torque is expected to be reduced when the same magnitude of current is applied. The test procedure is repeated as in the previous experiment and the experimental results at 100 °C are shown in Figures 15-17 . Figure 16 shows the steady state result when torque commands of 50 mNm and 127 mNm are applied at a speed load of 620 rad/s and the output torque is not reached at the commanded torque for both cases without applying the proposed algorithm. When the temperature of the permanent magnet is increased to 100 °C, the magnetic flux linkage is decreased due to demagnetization. Without compensating for the permanent flux linkage variation, the MTPA trajectory developed based on the information at room temperature results in undesired torque development. The results of the motor performance tester in Figure 17 show that the developed torque is smaller than the commanded torque while the current magnitude applied is same as the current magnitude applied at the room temperature. Next, the test SPMSM is heated by a heat gun intentionally until the rotor temperature of the SPMSM reaches 100 • C. At high temperature, the permanent magnet is demagnetized and this results in permanent flux linkage reduction. Then, the developed torque is expected to be reduced when the same magnitude of current is applied. The test procedure is repeated as in the previous experiment and the experimental results at 100 • C are shown in Figures 15-17 . Figure 16 shows the steady state result when torque commands of 50 mNm and 127 mNm are applied at a speed load of 620 rad/s and the output torque is not reached at the commanded torque for both cases without applying the proposed algorithm. When the temperature of the permanent magnet is increased to 100 • C, the magnetic flux linkage is decreased due to demagnetization. Without compensating for the permanent flux linkage variation, the MTPA trajectory developed based on the information at room temperature results in undesired torque development. The results of the motor performance tester in Figure 17 show that the developed torque is smaller than the commanded torque while the current magnitude applied is same as the current magnitude applied at the room temperature. The proposed torque compensation algorithm is applied when the permanent magnet temperature increased to 100 °C and the experimental results are shown in Figures 18-20 . Figure 18 shows transient torque responses when torque changes from 0 to 50 mNm and 50 mNm to 127 mNm. From Figure 18 , it is verified that the proposed algorithm does not affect transient performance of a motor drive. In Figure 19a ,b the steady state torque response when 50 mNm and 127 mNm of torque are commanded, respectively, is shown. As shown in Figure 19 , the output torque satisfies the target The proposed torque compensation algorithm is applied when the permanent magnet temperature increased to 100 °C and the experimental results are shown in Figures 18-20 . Figure 18 shows transient torque responses when torque changes from 0 to 50 mNm and 50 mNm to 127 mNm. From Figure 18 , it is verified that the proposed algorithm does not affect transient performance of a motor drive. In Figure 19a ,b the steady state torque response when 50 mNm and 127 mNm of torque are commanded, respectively, is shown. As shown in Figure 19 , the output torque satisfies the target The proposed torque compensation algorithm is applied when the permanent magnet temperature increased to 100 °C and the experimental results are shown in Figures 18-20 . Figure 18 shows transient torque responses when torque changes from 0 to 50 mNm and 50 mNm to 127 mNm. From Figure 18 , it is verified that the proposed algorithm does not affect transient performance of a motor drive. In Figure 19a ,b the steady state torque response when 50 mNm and 127 mNm of torque are commanded, respectively, is shown. As shown in Figure 19 , the output torque satisfies the target The proposed torque compensation algorithm is applied when the permanent magnet temperature increased to 100 • C and the experimental results are shown in Figures 18-20 . Figure 18 shows transient torque responses when torque changes from 0 to 50 mNm and 50 mNm to 127 mNm. From Figure 18 , it is verified that the proposed algorithm does not affect transient performance of a motor drive. In Figure 19a ,b the steady state torque response when 50 mNm and 127 mNm of torque are commanded, respectively, is shown. As shown in Figure 19 , the output torque satisfies the target command torque when the proposed torque error compensation algorithm is applied although the temperature of the permanent magnet is increased to 100 • C. Also, it is observed that the commanded current magnitude at 100 • C is increased compared to the commanded current magnitude at 25 • C. Since the variation of permanent magnet flux linkage due to the high temperature can be estimated by the proposed torque error compensation algorithm, the commanded current magnitude to the SPMSM is corrected to satisfy the command torque.
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Conclusions

In this paper, the output torque development error due to demagnetization of the permanent magnet of a SPMSM with respect to temperature variation is analyzed and an algorithm for compensating the torque at various temperature conditions is proposed. The proposed torque error compensation algorithm is verified by simulation and experimental tests. Permanent magnet flux linkage of a SPMSM is estimated through a stator flux linkage observer and the torque development error due to temperature variation is compensated using the estimated permanent magnet flux linkage in real time. Though the proposed torque compensation algorithm has a constrained performance at low speed (below a bandwidth of the stator flux linkage observer) due to the inherent characteristics of the Gopinath style stator flux linkage observer, it shows improved torque development performance (about 10%) compared to the conventional method. Also, it is a meaningful algorithm in the aspect of simple and real time implementation which is not using any external hardware and off-line experimental measurements.
